The fungus Aspergillus japonicus ATCC 20236 was immobilized in vegetal Wber and used in repeated batch fermentations of sucrose (200 g/l) for the production of -fructofuranosidases (FFase). The assays were performed during eight consecutive cycles that were completed in a total period of 216 h. After each 24-h cycle of fermentation (except for the Wrst cycle, which lasted 48 h), the fermented broth was replaced by fresh medium, and the FFase activity was determined in the replaced medium. The average value of FFase activity was a constant 40.6 U/ml at the end of the initial seven cycles, but had decreased by 22% at the end of the eighth cycle. Concurrent with these high and constant FFase values, the hydrolyzing activity of this enzyme increased during the cycles, while the transfructosylating activity decreased. As a consequence, the maximum production of fructooligosaccharides of 134.60 g/l observed in the initial 30 h of fermentation (Wrst cycle) had gradually decreased by the end of the subsequent cycles, reaching approximately 23% of this value during cycles 4-8. Based on these results, we conclude that the present immobilization system has a great potential for application in a semicontinuous process for the production of FFase, but further studies are necessary to maintain the FFase transfructosylation activity at high levels during the overall process.
Introduction
The production and application of -fructofuranosidades (FFase; EC.3.2.1.26) has gained tremendous practical commercial importance because these enzymes have transfructosylating activity and are able to convert the disaccharide sucrose to fructooligosaccharides (FOS), which are fructose oligomers of great industrial interest due to their functional properties and physical-chemical characteristics [1] [2] [3] . Most of these enzymes are found in fungi, such as Aspergillus, Aureobasidum, and Penicillium [4] [5] [6] . However, the yields of industrial FOS production by transfructosylation reaction are normally low (55-60%) since FFases have, in addition to transfructosylation activity, hydrolytic activity, resulting in glucose and fructose as reaction by-products [3, 7] . Therefore, there is a great interest in the development of a suitable and economically viable process for the industrial production of FOS that produces higher yields.
Conventionally, FOS production is a two-stage process in which the Wrst stage is the microbial production of the enzyme by fermentation and the second stage is the enzyme reaction with sucrose (substrate) to produce FOS under controlled conditions [8] . There are a few reports on the production of FOS in a single step, i.e., based on the production of the enzyme and the enzymatic reaction in one unique fermentation process. The use of the whole cell as the biocatalyst, immobilized or not, avoids the puriWcation of the FOS-producing enzyme from the cell extract, thereby enabling FOS production in only one step, which is less expensive [5, 9] . Moreover, immobilized cell systems have an additional advantage in that they promote an increase in the fermentor cell density that consequently contributes to increased productivity [10] [11] [12] . Therefore, such immobilized cell systems have been used in industrial-scale fermentation processes to obtain a number of diVerent products, such as organic acids, edulcorant, beer, among others [13] [14] [15] .
The fermentation operation mode also inXuences the eYciency of the process. Compared with the traditional batch operation, repeated batch, fed-batch, or continuous operating modes often improve the eYciency of the fermentation process [16] . Repeated batch cultivation is a well-known method for enhancing the productivity of microbial cultures because it skips the turnaround time and the lag phase, thus increasing the process productivity [17, 18] . This method has been a very useful approach to increase the yields of several processes, such as the production of gibberellic acid [13] , hyaluronic acid [18] , biohydrogen [19] , and lipase [20] , and may also be a promising mode for FOS fermentation.
Cell immobilization is particularly feasible for repeated batch fermentation because the process is characterized by its easy operation, convenient separation of cells from the broth, and high density of cells [16] . In addition, fermentation with immobilized cells is a convenient manner to reduce the fermentation time during repeated batch fermentation due to the elimination of the time needed for cell growth [20] . To the best of our knowledge, no reports have been published to date on repeated batch fermentation for FFase or FOS production using immobilized cells. The aim of the study reported here was to explore such a system using Aspergillus japonicus immobilized in vegetal Wber as a feasible operation strategy to increase the process yield.
Materials and methods

Carrier preparation
Vegetal Wber (Scotch Brite, 3M Spain SA) cubes ( 0.3 cm 3 ) were used as the immobilization carrier after pre-treatment by boiling for 10 min, washing three times with distilled water, drying overnight at 60°C, and autoclaving at 121°C for 20 min.
Microorganism and fermentation conditions
The strain A. japonicus ATCC 20236 [from Micoteca da Universidade do Minho (MUM)] was used in the experiments. The strain was maintained on potato dextrose agar (PDA; Difco; BD Diagnostics, Franklin Lakes, NJ) plates at 4°C, and the spores were maintained mixed with glycerol solution in ultra-freezer at ¡80°C. Spores were produced by growing the strain on PDA medium at 25-30°C for 7-8 days.
Repeated batch fermentation experiments were carried out in 500-ml Erlenmeyer Xasks containing 1 g of carrier and 100 ml of culture medium [(% w/v) sucrose 20.0, yeast extract 2.75, NaNO 3 0.2, K 2 HPO 4 0.5, MgSO 4 £ 7H 2 O 0.05, and KCl 0.05]. Steam sterilization of the medium was carried out at 121°C for 20 min. The Xasks were inoculated with 1.0 ml of a spore suspension containing around 1.8 £ 10 7 spores/ml, which was prepared by scraping the spores from the PDA plates with a sterilized solution of 0.1% w/v Tween 80 and counting in a Neubauer chamber. The inoculated Xasks were incubated on a rotary shaker at 28°C and 160 rpm for 216 h. After the initial 48 h (time of the Wrst cycle), the fermented broth was replaced by fresh medium each 24 h until a total of eight cycles had been completed (216 h of fermentation).
Sampling and analytical methodologies
Samples for analysis were collected at the end of each cycle, Wltered using 0.2-m Wlters, and the Wltered broth was analyzed for FOS content (1-kestose, 1-nystose, and 1--fructofuranosyl nystose), residual concentration of other sugars (sucrose, fructose, and glucose), pH and extracellular enzyme activity. The concentration of the immobilized cells was determined at the end of the fermentation period (216 h).
Fructooligosaccharides (1-kestose, 1-nystose, and 1--fructofuranosyl nystose) and other residual sugars (sucrose, glucose, and fructose) were directly analyzed by high-performance liquid chromatography (HPLC) on an LC-10 A apparatus (Jasco, Japan) with a prevail carbohydrate ES column (5 m, 250 £ 4.6 mm; Alltech, Lexington, KY) at room temperature, and a refractive index detector. The response of the refractive index detector was recorded and integrated using the Star Chromatography Workstation software (Varian, Palo Alto, CA). A mixture of acetonitrile and 0.04% ammonium hydroxide in water (70/30, v/v) was used as the mobile phase at a Xow rate of 1.0 ml/min. Before injection, the samples were Wltered through 0.2-m Wlters and diluted with Milli-Q water when needed. The sugars and FOS concentrations were determined from standard curves made with known concentrations of each compound. The total yield of FOS (Y FOS in g/g) was calculated as the proportion of the sum of 1-kestose (Y GF2 ), 1-nystose (Y GF3 ), and 1--fructofuranosyl nystose (Y GF4 ) to initial sucrose concentration. The FOS productivity (Q P ) was calculated as the total FOS production (g/l) by fermentation time (h).
The -fructofuranosidase (FFase) activity was determined by measuring the amount of glucose produced from sucrose [21] . The reaction mixture contained 100 ml of the crude FFase extract, 300 mmol of sucrose, and 50 mmol of sodium acetate buVer (pH 5.0) in a total volume of 1 ml. After incubation for 20 min at 30°C, the reaction was stopped by heating for 5 min at 100°C. After cooling, the amount of glucose released into the supernatant was measured by HPLC (see above). One unit (U) of the FFase activity was deWned as the amount of enzyme required to release 1 mol of glucose per minute from sucrose under the above conditions.
To determine the transfructosylating and hydrolyzing activities, we ran the reaction for 180 min using 0.5 U/ml of FFase in the reaction mixture described above [21] . Transfructosylating activity (U t ) and hydrolyzing activity (U h ) were determined by measuring the concentrations of 1-kestose and fructose by HPLC, respectively. One unit of transfructosylating activity was deWned as the amount of enzyme required to transfer 1 mol of fructose per minute; 1 U of hydrolyzing activity was deWned as the amount of enzyme required to release 1 mol of free fructose per minute.
The amount of biomass attached to the carrier was determined after washing the support material with distilled water three times and drying at 105°C to a constant weight. The biomass dry weight was determined as the diVerence between the mycelium plus carrier and the carrier itself.
All of the fermentation experiments were conducted at least in duplicate, and the average values are reported. The relative standard deviation was less than 5%.
Results and discussion
Cells immobilization
Vegetal Wber was used as the cell immobilization carrier based on a previous study in which it found to be the best carrier of six diVerent synthetic materials tested (polyurethane foam, stainless steel sponge, pumice stones, zeolites, and foam glass) for the immobilization of A. japonicus during the FOS production [22] . An additional advantage is that vegetal Wber is a cheap, strong, easy-touse material that does not require any stringent or expensive pre-treatment. During this study, we found that this material can also be successfully used as an immobilization carrier in repeated batch operations, since there were no losses of material integrity over the total period of the experiments, and the immobilized cells could be eVectively re-used in the following batches. In addition, the liquid phase remained clear during the whole cultivation period, which is advantageous, since a clear liquid phase reduces the mixing and mass transfer problems associated with highly viscous mycelial broths and facilitates the activities related to separation of biomass during downstream processing [23] .
The fungus immobilization inside and outside of the carrier was observed to grow gradually as a dense layer on the surface, so that at the end of the fermentation period, the entire carrier was covered with biomass. At the end of the eighth cycle, the immobilized cell concentration was 8 g/g of carrier.
-Fructofuranosidase and FOS production The FFase activity determined at the end of each cycle is shown in Fig. 1 . During the Wrst cycle, enzyme activity showed a steady increase, attaining a maximum value of 42.86 U/ml at the end of the cycle (48 h). In the subsequent seven cycles, enzyme production remained almost stable at 40.6 U/ml, and this value decreased (22%) only at the end of the eighth cycle. This is an interesting result because demonstrates an important increase in the productivity of the process. By re-using the immobilized cells, the time necessary for the initial microorganism growth (around 6 days) is eliminated, thereby resulting in a considerable improvement in fermentation productivity. This result indicates that the 8 days are necessary to produce FFase in individual batch operations (6 days for microorganism growth and 2 days of fermentation), which means a total of 42 uninterrupted days would be necessary to complete seven batches; this could be reduced to only 14 days by performing repeated batch fermentation with immobilized cells.
However, the production of FOS did not show the same behavior that that observed for FFase. As can be seen in Fig. 2 , the maximum FOS concentration was obtained in the initial 30 h of fermentation (Wrst cycle), corresponding to 134.60 g/l (68.38 g/l 1-kestose, 57.63 g/l 1-nystose, 8 .59 g/l 1--fructofuranosyl nystose). Thereafter, the total concentration of such compounds fell due to the exhaustion of sucrose in the media and the conversion of 1-kestose into FOS of longer chains. At the end of the Wrst fermentation cycle, the total FOS concentration was 54% of the maximum attained. Replacing the fermented broth by fresh FFase activity (U/ml) Fermentation cycle medium resulted in a maximum FOS production in the second cycle that was only 11.75% lower than that achieved in the Wrst cycle; as the fermentation time was twice as short (24 h ), this resulted in a higher FOS productivity (Table 1) . For the subsequent cycles, the total FOS concentration obtained at the end of each 24-h cycle was lower, with similar values for cycles 4-8. A similar decreasing trend in the Wnal production level was also observed during the repeated batch fermentation for gibberellic acid production by immobilized cells of Fusarium moniliforme [13] . According to the authors of that report, such a decrease may be a result of the increase in the number of immobilized dead cells as a result of the re-use. Another possible explanation is given by Liu and Liu [16] , who said that the residual metabolic by-products in the cells, such as ethanol, acetic acid, and others, may have a negative eVect on the following cycles of the repeated batch operation and that the production rates can be improved when recycled cells are washed before further re-use. Although the FOS productivity values were not so diVerent for the diVerent cycles (except for the second), FOS yield was low for all of them ( Table 1 ), given that FOS are produced on industrial scale with yields of about 55-60% [3, 7] . It is interesting to note that the FOS production was low but that the sucrose was practically exhausted in all of the fermentation cycles. This means that the carbon source could have been used in higher amounts for the cell growth than for the production of FOS. In fact, we was found a constant biomass increase during the running time. At the end of the Wrst cycle (48 h fermentation), the immobilized cell mass was 1.25 g/g carrier, while at the end of the fermentation period (216 h), the immobilized mass corresponded to 8 g/g carrier.
Some authors have observed that high cellular growth of the fungus strains results in more carbon and nitrogen being used for cellular mass, thereby decreasing enzyme production [24] . In fact, extent growth can lead to limitations in mass transfer operations, causing diVusional limitation of the substrate into the Wlm, which may reduce the speciWc productivity of the bioWlm [25, 26] . A maximum value of cell loading per unit area exists for an optimal value of catalytic activity, and the catalytic eYciency can decrease exponentially with increased cell loading. The possible upper limit depends on the type of cell and the matrix; for example, during gluconic acid production using A. niger immobilized on cellulose microWbrils, the optimal mycelial density on the support was 2.4 g/support, and the speciWc productivity dropped oV on either side of this density level [26] . The immobilized cell concentration in our study achieved a much higher level and could have aVected the process productivity.
Nevertheless, in our study, the FFase presented high activity for the initial seven cycles. This results necessitated an evaluation of the levels of transfructosylating (U t ) and hydrolyzing (U h ) activities of this enzyme at the end of each cycle. The FFases commonly possess both U t and U h activities; however, the greater the ratio between U t and U h , the greater the production of FOS [27] . In our study, the maximum U t /U h ratio (4.82) was achieved at the end of the Wrst cycle. This value was not maintained during the subsequent cycles since we observed a gradual increase in U h activity, which reduced the U t /U h ratio until it reached a value of only 0.40 at the end of the eighth cycle. This would explain the low production of FOS obtained in the experiments, since FFases with low U t /U h ratios hydrolyze the FOS produced at the end of the reaction period [27] .
Some factors aVecting the U t /U h ratio of FFases are reported to be the strains themselves, the substrate concentration, and reaction conditions, such as pH and temperature [28] . More information on the biochemical characteristics of FFase could be helpful to determine one condition for which the FOS content is optimum. 
Conclusions
-fructofuranosidase production by repeated batch fermentation of sucrose using A. japonicus immobilized in vegetal Wber is a process with great potential for industrial application, since the microorganism was able to adhere totally in the carrier, thereby facilitating its re-use in subsequent fermentation batches, and the activity of the enzyme was elevated during seven consecutive cycles, thus increasing the process productivity. However, further studies are needed to optimize this process so that the FFase transfructosylation activity can be maintained at high levels during the overall batches, thereby enabling maximum FOS yield and productivity during several fermentation cycles. The time to replace the medium, the volume of the replaced medium, and its optimal composition are variables that aVect the eYciency of repeated batch fermentations, and these should be optimized to increase the process yield [20] . However, considering that this is the Wrst report on the production of FFase and FOS by repeated batch fermentation with fungus immobilized cells, the results obtained here are very promising and open up new possibilities for developing a novel process with a potential for synthesizing both products at the industrial level.
